Abstract-The field of astronomy relies on spectral and polarization imagery recorded across a wide range of spectra to make inferences about imaged objects from nearby and distant galaxies. One of the challenges in recording celestial polarization information is recording multiple images filtered with various polarization optics, such as linear polarization filters or retarders, and with low-noise, low-dark-current sensors. In this paper, we present a division of focal plane polarimeter that can operate at room temperature down to −20°C. When the imaging sensor operates at −20°C, the dark currents is reduced by two orders of magnitude, which improves the polarization extinction ratio by ∼5-fold. Comprehensive optoelectronic tests are presented with data recorded with the polarimeter.
I. INTRODUCTION
T HE field of astronomy relies on spectral and polarization imagery across a wide range of spectra to make inferences about imaged objects from nearby and distant galaxies [1] - [3] . Visible and near-infrared spectral imaging are widely used to make inferences about the material composition of the imaged celestial objects, in part due to proliferation of low-noise, inexpensive, large-format complementary metal-oxide semiconductor (CMOS) and chargecoupled device (CCD) imaging sensors [4] . Polarization information provides an orthogonal set of information compared to color and spectral information and requires special instruments to capture this modality of light.
Light can become polarized in space due to several mechanisms, such as reflection, scattering, and magnetic field fluctuations [5] , [6] . When light is reflected from a celestial object, it will become partially polarized. Its polarization signature depends on the shape of the object's outline and on the material composition and roughness of the surface. As light travels in space, scattering from interstellar dust can change the polarization signature of the light [7] . Magnetic fields near stars, comets, and black holes change the polarization signature due to the Hanle effect. Zeeman effects also describe perturbations in the polarization state of a light wave due to spectral lines splitting from magnetic fields [8] . Active galactic nuclei [9] and direct exoplanet polarization imaging are of great interest to the astrophysics community, requiring sensitive polarization instruments utilizing an electron multiplying CCD (EMCCD) or avalanche photodiodes (APDs) to record the weak polarization signals [10] . Typically, a nearby known star next to the imaged celestial object is imaged simultaneously and used to infer polarization due to scattering and magnetic fields.
Astronomers have built polarization instruments for over a century to discover new celestial phenomena [13] , [14] . For example, G. E. Hale described the possibility of magnetic fields on the sun's surface by taking still photos and analyzing the polarization effects due to Zeeman effects [11] . William Hiltner observed polarization information from starlight using birefringent filters and low noise CCD sensors [12] .
One of the challenges in capturing celestial polarization information is recording multiple high-resolution images (≥4 M pixels) filtered with adequate polarization optics (such as linear polarization filters or retarders) and imaging sensors with low dark currents. Since most of the imaged scenes are photon starved, large integration or exposure times (≥1 min) are utilized to obtain a good signal-to-noise ratio (SNR) image. Hence, recording time-multiplexed images with different polarization optics is impractical because of variations in the imaged scene over long time periods. Furthermore, some of these phenomena last only a few minutes, and it is impossible to use time-multiplexed principles with long integration times to estimate polarization. A division-of-amplitude approach is most commonly used and relies on multiple cameras combined with beam splitters and polarization optics [2] , [14] . This approach has the disadvantages of complexity, cost, and optical losses introduced by individual optical elements, such as beam splitters and relay lenses, which reduce the image quality for photon-starved imaging applications. Utilizing sensitive imaging arrays, such as EMCCDs or APDs, partially mitigates the image quality issue [10] , [15] . All of these imaging methods also require careful instrument calibration. The importance of calibrating the nonlinearity of the imaging sensor output and eliminating dark currents for astronomical imaging applications is examined in great detail in [16] .
In this paper, we present a new polarization imaging instrument for astrophysics applications based on the division of focal plane (DoFP) paradigm [17] - [30] . DoFP sensors monolithically integrate pixelated polarization filters with an array of imaging elements. The current state-of-the-art DoFP polarime-ters either lack high spatial resolution (<1 M pixel) or are limited to short integration times (<40 msec) [17] - [22] , all of which are unacceptable for photon-starved astrophysics applications.
The sensor presented in this paper circumvents the abovementioned issues with current state-of-the-art DoFP polarimeters. The sensor is realized by monolithically integrating pixelated aluminum nanowires, acting as linear polarization filters, with a high-resolution CCD array. The imaging sensor has 2048 by 2048 pixels and can be cooled down to −20°C. Cooling the sensor reduces the dark currents and improves the accuracy of the captured polarization information. Theoretical background on polarization and optoelectronic measurements from the polarization sensor are presented in this paper.
II. THEORETICAL OVERVIEW OF LIGHT'S POLARIZATION PROPERTIES
Two parameters are important for describing the linear polarization state of a light wave: angle of polarization (AoP) and degree of linear polarization (DoLP). AoP describes the major axis of oscillation of the light wave. DoLP describes the ratio of polarization and unpolarized portion in the observed light wave. DoLP is bound between 0 and 1, where 0 indicates that the light wave is unpolarized and 1 signifies completely linearly polarized. Most light in nature is partially linearly polarized, which means it contains both unpolarized and linearly polarized portions.
AoP and DoLP can be computed as
where the parameters S 0 , S 1 , and S 2 are the first three Stokes parameters, which can be computed as
where I is the intensity of the light wave after filtering it with a linear polarization filter at a given orientation. It can be observed from equations (1)- (5) that, to estimate the DoLP and AoP of partially linearly polarized light, the imaged scene can be sampled with four linear polarization filters offset by 45°. Hence, constructing an imaging system to record linear polarization properties requires utilizing four linear polarization filters together with an array of imaging elements.
III. LOW-DARK-CURRENT DOFP POLARIZATION IMAGER
A block diagram and a photo of the polarization imaging sensor are presented in Fig. 1 . The imaging sensor is composed of a 2048 by 2048 photodiode array monolithically combined with pixelated polarization filters. Four pixelated polarization filters are oriented at 0°, 45°, 90°, and 135°, respectively. The polarization filters are fabricated using a series of optimized nanofabrication steps consisting of interference lithography, metal and dielectric deposition, and reactive ion etching [18] , [24] . Individual pixelated polarization filters are composed of aluminum nanowires with 70-nm width, 140-nm pitch, and 110-nm height. The filters are directly deposited on the surface of the imaging sensor. The distance from the filters to the photodiode is ∼1.5 μm. The pixel's fill factor is 30%, which allows for misalignment errors of ∼2 μm when aligning the filters on the imaging array.
The imaging sensor is housed in an enclosure designed by Finger Lake Instruments, and the sensor can be cooled down to −20°C. Cooling down the imaging sensor has the prominent advantage of decreasing the dark current, which is very important for long exposure times [28] . The temperature fluctuations of the camera are <0.5°C for temperatures between +20°C and −20°C. The dark-current fluctuations due to temperature variations are below the shot and thermal noise of the off-chip readout circuit of the sensor and hence do not affect the polarization measurements. The power supply to the CCD sensor is 12 V, with a current limit of 1.5 A. The power supply circuitry utilizes a series of low-pass filters to reduce noise on the power line. The noise on the power supply was measured to be <1 bit (out of 12-bit output range) and does not interfere with the polarization measurements from the sensor.
Dark currents are due to defects in the silicon lattice, which generate thermally induced electron-hole pairs in the photodiode. In a typical imaging sensor, up to 10% of the total pixels have high dark currents. The electric charges generated by the defect sites are integrated on the photodiode capacitance for the duration of the exposure time. Hence, for short exposure times, when the incident photon flux is much greater than the charges generated by the defect sites, the dark current has minimal effect on the integrated photodiode voltage.
For longer exposure times, when the incident photon flux is small and comparable to the charges generated by the defect sites, the dark currents can represent a large portion of the integrated photodiode voltage. Hence, the dynamic range and SNR of the sensor are reduced. Cooling the imaging sensor suppresses the thermally generated electron-hole pairs and enables high-dynamic-range imaging.
IV. THEORETICAL ANALYSIS OF DARK-CURRENT EFFECTS ON ACCURACY OF POLARIZATION ESTIMATION
The effects of dark currents on both the extinction ratios and root mean square error (RMSE) of DoLP estimates are analyzed in this section. The accuracy of the estimated polarization information (AoP and DoLP) depends on the optical properties of the pixelated polarization filters and electronhole pair generation by the underlying photodiode. The optical properties of the pixelated polarization filter can be modeled via a Mueller matrix, as shown in (6) at the bottom of the page and
where p x and p y are the absorption coefficients along the two orthogonal axes along which light propagates and is the angle of transmission for the four individual pixelated polarization filters. The pixelated polarization filters are placed on top of individual pixels and allow only light with a certain AoP to be transmitted. The underlying photodiode will register a photo signal, which depends on the Stokes vector of the incident light, Mueller matrix of the polarization filter, and the dark current of the pixel. The pixel's output signal can be computed by multiplying the Stokes vector of the incident light, S in , with the first row of the Mueller matrix presented in equation (6) , as shown at the bottom of this page. Equation (8) presents the output signal, I pol , registered by a photodiode with a polarization filter oriented at an angle and a dark current I dark :
Dark currents at room temperature in a typical CCD sensor can thermally generate electron-hole pairs as large as 10% or more of the pixel's dynamic range for 1-min exposure times at 20°C operating temperature. Based on the intensity signals registered by the four neighboring pixels with pixelated polarization filters offset by 45°, DoLP and AoP can be computed as described by (1) and (2) . Polarization errors, such as RMSE, are computed by comparing the DoLP and AoP estimates from pixels without dark current against pixels with dark currents. The extinction ratio of the pixel decreases as the dark current increases due to an increasing offset in the pixel's transmittance. Fig. 2 presents simulation results from a pixel with a pixelated polarization filter oriented at 0°with orthogonal axis transmission p x of 0.9 and p y of 0.1, which are typical transmission ratios for our nanowire polarization filters [24] . Fig. 2(a) depicts the optical response of the pixelated polarization filter for three different dark currents as a function of a light wave with varying AoP. The dark current introduces an offset to the transmittance of the pixel's output value. Although offset compensation, such as flat fielding, can mitigate this effect, the dynamic range of the imaging sensor is reduced by 10% for the large dark currents. Fig. 2(b) presents the net extinction ratio of the pixel (nanowire polarization filter together with the photo response of the underlying photodiode) as a function of the pixel's dark current. The extinction ratio measures the ratio of the maximum to the minimum photo response from a polarization filter. To measure the extinction ratio of a filter, a photodetector is used together with the polarization filter under test. Since the photo detector is part of the measurement, its optical characteristics such as dark current will influence the estimated extinction ratio. Hence, we refer to the net extinction ratio in Fig. 2(b) to indicate the estimated extinction ratio of the polarization filter with a nonideal photo detector. Since the dark current presents an offset in the pixel's measured transmittance, the ratio of maximum to minimum optical response of the pixel decreases as the dark current increases. For a dark current that represents 10% of the pixel's dynamic range, the extinction ratios drop to 10, compared to an extinction ratio of 82 for a pixel with no dark current.
The DoLP, which is computed via equation (1), is presented in Fig. 3(a) . In this simulation result, the dark current for the 0°pixel is varied between 0% and 10% of the pixel's dynamic range, while the other three pixels have no dark currents. Since the transmittance of the 0°pixel has a dark-currentdependent offset, the DoLP departs from the ideal value of 1 and shows dependency on the incident AoP. When the pixel's dark current is 10% of the dynamic range, the maximum DoLP error is ∼25% at 90°incident AoP. The RMSE in the DoLP is presented in Fig. 3(b) , indicating large errors in the estimated DoLP for various dark currents.
V. OPTOELECTRONIC EVALUATION OF THE
POLARIZATION IMAGING SENSOR We evaluated the optoelectronic performance of the custom polarization imaging sensor. The experimental setup for capturing images under controlled conditions is shown in Fig. 4 .
The light sources comprise a narrow band of LEDs centered at 515 nm (full-width half-maximum of 40 nm) soldered on custom-printed circuit boards. The LED circuit boards are mounted at the input port of an integrating sphere to eliminate any possible polarization from the LEDs and to generate uniform illumination. The incident light source emerging from the integrating sphere is about ∼0.1% polarized. The LEDs are powered by a DC power supply operating in a constantcurrent mode. An adjustable iris is mounted at the output port of the integrating sphere. Light passing through the iris then passes through an aspheric condensing lens, which produces a collimated beam approximately 4 cm in diameter. Collimation is important, as divergent light exacerbates optical cross talk in the polarization imaging sensor. The cross-talk effects on the pixel's ability to discriminate polarization as a function of the incident light beam have been previously evaluated [23] . The collimated light beam passes through a linear polarizer mounted on a computer-controlled rotational stage. The linear polarizer (Newport 20LP-VIS-B) has an extinction ratio of 1000 at 515 nm. Finally, the light is incident upon the pixels of the image sensor. Using this experimental setup, uniform, collimated, linearly polarized light at a desired AoP illuminates the surface of the polarization imaging sensor.
The benefits of cooling the sensor are apparent in terms of decreasing dark currents. Fig. 5 illustrates the measured dark-current values in a neighborhood of 100 by 100 pixels at 20°C (a) and −20°C (b). The data were recorded under dark conditions with exposure time set to 1 min. Cooling the imager to −20°C has the prominent advantage of reducing the dark-current values across the entire imaging array.
Pixels' dark currents are due to silicon defects in the imaging array, which are randomly distributed in the imager. These defect sites introduce additional energy states in the silicon and can produce thermally generated currents. Hence, cooling the imaging sensor will decrease these thermally generated dark currents at the randomly located sites. Since these defect sites can affect the optical performance of several neighboring pixels, computational approaches, such median filtering, will drastically reduce the spatial resolution of the imaging system. Furthermore, dark currents also reduce the dynamic range of these pixels. For example, the measured dynamic range in our imaging sensor is reduced from 60 dB to <1 dB for a 10-min exposure for pixels with large dark currents. Therefore, computational methods such as dark subtraction or flat fielding do not work for these pixels. The photon flux for most astrophysics imaging applications is relatively low, which requires long exposure times to accumulate a large number of photons per pixel. Because of the long integration time, the dynamic range of the imaged scene can be several orders of magnitude due to variations in brightness of the imaged objects. For example, imaging a faint signal next to a bright reference star, such as detecting exoplanets and circumstellar disks, requires a high-dynamic-range sensor [7] . Fig. 6 shows the measured dark currents from a single pixel at set temperatures of 20°C, 0°C, and −20°C. The temporal variations at each data point are also shown. The integration time for the imaging sensor was varied from 1 to 10 min, a typical range for astrophysics applications. The reduction in dark current due to cooling the sensor resulted in three orders of magnitude difference between dark values at 10-min exposure times.
The optical response from four adjacent pixels is presented in Fig. 7(a) , including temporal variations at each data point. The pixel's sensitivity is measured to be 30 mV/e − . All four pixels follow Malus's law for polarization and have maximum response offset by 45°since the orientations of the individual nanowire filters are offset by 45°. However, the transmission and extinction ratios for the individual pixels are not the same due to variations in height, width, and pitch of the nanowires within the individual filters. These variations are due to imperfections in the nanofabrication procedure, such as variations during the interference lithography, deposition of aluminum and oxide, and reactive ion etching, which are detailed elsewhere [24] . Fig. 7 (b) presents a scanning electron microscopic image of the nanowire polarization filter deposited on two adjacent pixels. The structural defects in the nanowires can be observed in this image and are the primary cause of the variations in the optical response of the four pixels. These variations will cause the DoLP to be <1 and to depend on the incident AoP, as shown in Fig. 8 .
We also evaluated the effects of dark currents on the extinction ratio of the imaging sensor. The dark currents effectively add a constant offset to the pixels and hence reduce both the dynamic range of the pixels and the polarization extinction ratio. Note that the term "net extinction ratio" refers to the overall extinction ratio of the imaging sensor, which includes the optical properties of the nanowire polarization filters and the optical properties of the underlying photodiodes of the CCD imaging sensor. Fig. 7 (c) depicts the optical response of a single pixel from the imaging sensor, whose dark current is presented in Fig. 6 , as a function of the incident AoP at different temperatures. The pixel follows Malus's law of polarization for all temperatures [5] . The pixel has a large dark current at 20°C; hence the extinction ratio of the pixel is limited to 5 ( Fig. 7(d) ). When the imaging sensor is cooled to −20°C, the dark current is reduced and the extinction ratio of this pixel is increased to ∼30. The extinction ratios improved by ∼10% when the temperature decreased from-10°C to -20°C, compared to ∼300% when the temperature decreased from 20°C to 10°C. The inverse exponential improvementof the extinction ratios as the temperature of the sensor is lowered, is consistent with the simulation results presented in Fig. 2 . This significant improvement of the pixel's extinction ratio enables more accurate discrimination of the imaged polarization information.
We also computed the DoLP and AoP based on the raw pixel values recorded from a 2-by-2 pixels neighborhood in the imaging array. The 2-by-2 pixels neighborhood contains four pixels with individual pixelated polarization filters offset by 45°, whose optical response is shown in Fig. 7(a) . The same set of pixels is used to estimate the DoLP and AoP at different temperatures.
The estimated AoP as the angle of the incident linearly polarized light on the imaging sensor is swept between 0°and 180°is presented in Fig. 8(a) . The accuracy of the estimated AoP improves as the imager temperature is cooled to −20°C because the dark currents, and hence the offsets of the output photo responses for the individual pixels, are minimized. Therefore, the accuracy of the individual photo pixel values improves, which is reflected in the estimated AoP. Because of mismatch in the transmission, extinction ratios, and dark currents, the estimate DoLP is ∼0.4 at 90°incident AoP.
Spatial variations in the pixels' optical responses are corrected via a calibration routine using the Mueller matrix approach [25] . Hence, variations in the pixelated filters and variations in the electronics are accounted for and corrected via calibration. The calibration routine makes the extinction ratio the same for all pixels in the array. Temporal variations in pixels will cause variations in the extinction ratio and hence will have direct implications for the confidence (or SNR) in the recorded polarization information [30] .
Similar observations can be made for the DoLP in Fig. 8(b) . Cooling the imaging sensor reduces the dark currents and directly improves the estimated DoLP. Since the four pixels have different transmission and extinction ratios, the DoLP does not reach 1 and is a function of the incident AoP. Utilizing an intensity-independent calibration routine can account for pixel-level optical variations and can correct the estimated polarization response, as shown in Fig. 8(c),(d) [25] . The calibration routine is performed on data collected at −20°C, as this is the operating temperature for our imaging applications. The calibration method reduces the RMSE for the DoLP from ∼25% to 0.2% for targets that are 100% linearly polarized, and the illumination level is close to the full dynamic range of the imaging sensor. The AoP is improved from 5% RMSE error to ∼0.1%. Additional details about the calibration method employed in this work are covered in more detail in [25] .
Our cooled polarization imaging sensor was used to image several celestial objects, including the surface of the moon. The intensity image is presented in Fig. 9(a) ; from this image it is hard to disambiguate the possibly different particle sizes between the regoliths of the mare and the highlands. The DoLP is presented in Fig. 9(b) . The regolith of the mare has a higher degree of polarization than the regolith of the highlands, due to different particle sizes in these regions.
These observations of the moon's surface are consistent with polarization measurements recorded and published from observatories near Tucson and Hawaii [31] , as well as from data published over the last two decades (reviewed in [32] ). Previous measurements of the DoLP of the mare have been reported to be higher by ∼10% than the DoLP of the highlands areas on the moon.
We have collected two sets of images from the moon surface with the sensor operating temperature set to 20°C and −20°C, respectively. For the image recorded at 20°C, pixels with large dark currents have the same DoLP for the mare and highlands areas. When the imager is cooled, the DoLP difference between these two areas is increased to 10%, which is in line with previously published data. Interpolation algorithms are utilized to render higher-resolution images and to improve the estimated polarization information [33] , [34] . Data reduction schemes, such as the general Bayesian technique [35] or maximum-likelihood estimation [36] , [37] , can be employed to estimate polarization information from noisy measurements and further improve the quality of the captured polarization information.
VI. CONCLUSION
We have presented a high-resolution polarization imaging sensor that can operate at temperatures down to −20°C. The sensor is realized by monolithic integration of aluminum nanowire filters with an array of imaging detectors. Four different types of pixelated polarization filters are integrated with the sensor, with nanowires offset by 45°from individual groups. About 10% of the pixels in the imaging array exhibit high dark currents, which limit the dynamic range and polarization sensitivity. Cooling our sensor down to −20°C suppresses the dark-current values by two orders of magnitude for 10-min exposure times compared to operating the sensor at 20°C. Hence, the extinction ratio of the sensor is improved by 5-fold. Table 1 presents a summary of the imager performance as well as comparison to other division of focal plane polarization imagers.
This polarization imaging sensor improves the spatial resolution by a factor of 4 from previous state of the art technology as well as allows for long integration time up to 60 minutes [17] . The major challenges in increasing spatial resolution from previous work is fabrication of pixelated polarization filter over large area. A stitching method similar to a stepper aligner is used to replicate the interference pattern across the imaging area and to define pixelated polarization filters. The alignment requirements for this method produce lower yield and require higher optimization compared to smaller imaging array.
The sensor is currently used for various astrophysics imaging applications due to its low dark current, high resolution, and high polarization selectivity. The framework presented in this paper can be extended to other imaging arrays currently used in astrophysics today, such as EMCCD, APDs, or scientific CMOS, and will benefit from more sensitive detector arrays. Polarization information can be added to these arrays by depositing nanowire pixelated polarization filters directly on the imaging sensor. The DoFP sensors provide a unique opportunity to reduce cost and to simplify the gathering of polarization information compared to current division-ofamplitude approaches. The trade-off of using DoFP polarimeters is the loss of spatial resolution due to the pixelated polarization filter, which is partially mitigated with the use of interpolation algorithms. 
